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ABSTRACT 
 
High Dynamic Range (HDR) imaging was used to collect 
luminance information at workstations in 2 open-plan 
office buildings in Queensland, Australia: one lit by 
skylights, vertical windows and electric light, and another 
by skylights and electric light. This paper compares 
illuminance and luminance data collected in these offices 
with occupant feedback to evaluate these open-plan 
environments based on available and emerging metrics 
for visual comfort and glare. This study highlights issues 
of daylighting quality and measurement specific to open-
plan spaces. The results demonstrate that overhead glare 
is a serious threat to user acceptance of skylights, and that 
electric and daylight integration and controls have a major 
impact on the perception of daylighting quality. With 
regards to measurement of visual comfort it was found 
that the Daylight Glare Probability (DGP) gave poor 
agreement with occupant reports of discomfort glare in 
open-plan spaces with skylights, and the CIE Glare Index 
(CGI) gave the best agreement. Horizontal and vertical 
illuminances gave no indication of visual comfort in these 
spaces. 
 
 
1.  INTRODUCTION 
 
Illuminance measured at the workplane dominates 
lighting standards and recommendations worldwide. 
Office lighting guidelines generally require between 320 
and 500 lux at the horizontal workplane. However it is 
acknowledged that this required level is not simply related 
to visual task performance, in fact, the illuminances 
required for typical visual tasks conducted in a modern 
office are an order of magnitude lower than the 
recommended 500 lux. In a summary of the history of 
these standards, Cuttle suggests that the illuminances 
specified are higher than the minimum necessary for task 
performance in order to compensate for what would 
otherwise be a dark and dreary interior [1]. In other 
words, recommended illuminances are being used to 
provide what should generally be a comfortable and 
pleasant environment. Visual comfort is a complex issue, 
but is generally dependant on the luminances in the field 
of view. Consequently, horizontal illuminance readings 
are not the best indicator of a comfortable visual 
environment. Horizontal illuminance is, however, an easy 
measurement to make (or to calculate and predict) and 
therefore persists as a critical metric in interior lighting 
standards.  
 
1.1 Luminance-based measures in office lighting 
 
Existing recommendations regarding luminances for 
quality lighting seek to define luminance thresholds, 
luminance ratios and predictive glare metrics that 
provided visual comfort and avoided glare. Currently, the 
IESNA handbook recommends a maximum luminance of 
850 cdm
-2
, and a preferred luminance ratio of 10:3:1 for 
the luminances of walls, immediate task surrounds and 
task areas respectively [2]. 
 
Aside from suggested thresholds and ratios, luminance is 
also a key factor in predicting glare. Several glare indices 
have been proposed to measure and predict the 
uncomfortable and potentially vision impairing sensation 
of glare from daylit spaces.  Most have 4 common factors: 
(1) the size of the glare source (solid angle), 
(2) the luminance of the glare source, 
(3) the luminance of the field of view without the glare 
source, and 
(4) the position of the glare source relative to the centre 
of view. 
Each factor is weighted to fit reported subjective 
assessments of glare. Subjective assessments are 
generally categorized using the terms such as: 
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imperceptible, perceptible (or just noticeable), disturbing 
and intolerable. Common metrics that apply these factors 
are the Daylight Glare Index (DGI), the Unified Glare 
Rating (UGR), the Visual Comfort Probability (VCP) and 
the CIE Glare Index (CGI). A recent glare metric that 
employs the additional factor of vertical eye illuminance 
is the Daylight Glare Probability (DGP) [3].  
 
1.2 HDR imaging tools for lighting research 
 
Until recently, luminance measurements had to be 
conducted on a point-by-point basis using a luminance 
meter, making it a difficult and time-consuming process 
to collect much information about the luminance 
distribution in a full field of view. Recent advances in 
luminance measurement have advanced the field of 
lighting research, with luminance mapping using digital 
cameras becoming a useful tool in lighting assessment [4, 
5]. A digital camera can be capable of mapping thousands 
of luminances within a field of view over a very short 
acquisition time, making it preferable to point-by-point 
measurements made with a luminance spot meter. 
Technological developments have lowered cost and 
calibration obstacles in HDR imaging for the creation of 
luminance maps. Consequently, it is now relatively fast, 
inexpensive and simple to produce detailed picture of the 
visual environment, loaded with information on 
luminances entering the field of view of an observer. With 
so much information able to be collected, research is 
ongoing to develop the most appropriate methods of 
processing it.  
 
Recent reviews of glare metrics have incorporated HDR 
imaging as a measurement and analysis tool in order to 
investigate the validity of the metrics in test rooms [3, 6, 
7].  Although much research has been conducted in the 
area of lighting quality and luminance, there is still no 
clear consensus on the best way to characterize the lit 
environment for reliable prediction of positive visual 
appraisal, visual comfort and discomfort glare. This is 
particularly an issue in spaces that are daylit, since 
luminance contrasts can be great, and the potential glare 
sources can range in size and uniformity and may be 
associated with other (confounding) positive influences 
such as a pleasant view. It is also acknowledged that 
much daylighting research on glare metrics have been 
conducted in controlled environments and individual 
office spaces, with little evaluation on their applicability 
to real, open-plan spaces [8].  
 
This paper presents analysis of quantitative and 
qualitative data collected in real, open-plan office spaces 
that employ daylight transport systems (skylights and 
lightpipes). The study measured workplane illuminances 
to compare with HDR luminance maps collected at 
workstations to establish which metrics were most 
consistent with occupant appraisal and reports of 
discomfort glare due to skylights and windows in an 
office building. 
 
 
2.  CASE STUDY BUILDINGS  
 
Two commercial office buildings with Light Transport 
Systems (LTS) in south-east Queensland, Australia were 
selected as case studies. The case studies represent two 
situations: the first has integration of LTS and windows; 
the second is a windowless space only daylit by LTS. 
Building 1 (Figure 2) is in the central business district of 
Brisbane (capital of Queensland). The two-storey building 
is obstructed by adjacent structures of similar height. It is 
an open plan architectural office with a visually pleasant 
interior and lighting design, which includes the use high 
ceilings, skylights (simple square light pipes with white 
transport section and Lambertian diffuser), direct/indirect 
lighting and photosensor dimming controls. Building 2 
(Figure 3) is in the regional community of Toowoomba, 
100 km from Brisbane.  The building is also double 
storey; however it is relatively free from sky obstruction 
by other buildings yet contains very few vertical 
windows. The mostly windowless, open-plan office area 
of this building was retrofitted with Solatube 750 DS 
systems (Figure 1) used as skylights. The design of the 
office space is not particularly pleasing (low ceilings, 
recessed louvre-style electrical lighting, dark décor and no 
coordination between skylights placement and office 
workstations). 
 
Fig. 1: Tubular skylight (Solartube 750 DS) [9] 
All workers within each building were invited to 
participate in four focus groups (2 per building), with 18 
people participating; 11 from Building 1 in the City (5 
male, 6 female) and 9 from Building 2 in Toowoomba (5 
male, 4 female).  
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Fig. 2: Case Study Building 1, in Brisbane (architecturally designed)  
 
 
Fig. 3: Case Study Building 2, in Toowoomba (showing area with no windows) 
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3.  STUDY METHODOLOGY  
 
3.1  Quantitative Data Collection 
 
Measurements of luminance and illuminance 
were made at each building location on the days 
of interview.  Building 1 was monitored on one 
day in late November (late spring) under clear 
and partly cloudy skies; Building 2 was 
monitored once in mid-June and again in late 
November (corresponding to winter and late 
spring) under clear skies.  On each day, data was 
collected between 10:00am and 4:00pm, during 
normal operation of the offices.  Staff used the 
spaces undergoing measurement.  The 
measurement protocol in these circumstances had 
to be unobtrusive and minimal distraction to staff. 
Illuminance measurements were recorded using a 
Konica Minolta multi-point illuminance 
measurement system with 9 photosensors logging 
data at 5-minute intervals.  Sensors were placed 
within workstations to record the daily 
illuminance pattern experienced by occupants in 
their horizontal task areas.  There was no attempt 
made to quantify the spatial uniformity of 
illuminance in the buildings due to the large areas 
of measurement and the need to minimise 
disruption. The variation in illuminance at each 
point throughout the day (temporal uniformity) 
was demonstrated using the daily average and 
standard deviation of workstation illuminance. 
Luminance measurements were recorded using a 
calibrated Nikon Coolpix 8400 with a fisheye 
lens attached to give a field of view comparable 
to the visual field [10]. HDR images were created 
by merging a series of digital photographs of 
each workstation taken with different exposure 
values.  The product of this process is a single 
digital image where each pixel is assigned a 
luminance.  Sample images are shown in figures 
4a and 4b. The uncertainty on luminance 
measurements made using this method is 
approximately 10% [4].  HDR images of the 
workstations were recorded at 3 different times of 
day: 10:30am, 12:00pm and 3:30pm.   
 
3.2  Analysis of HDR images 
 
In order to evaluate visual comfort in these 
scenarios, each HDR image was analysed to 
calculate the glare indices: DGP, DGI, UGR, 
VCP and CGI; using the tool, evalgare [11]. The 
decision to classify a region of high luminance as 
a glare source can be made on several bases. 
Glare sources can be defined as regions of 
luminance above a certain absolute threshold. 
Glare thresholds can be defined using some 
multiplier of the average background luminance 
(the scene excluding the glare sources). Or it may 
be defined as a region of luminance some 
multiple of the average task luminance. In this 
study, all 3 of these glare threshold detection 
methods were applied to analyse the luminance 
data, to determine if there were any that gave 
better agreement with reports of glare from 
occupants. Agreement between glare reported by 
occupants and the glare index reported by the 
evalglare was quantified using Cohen’s kappa 
test. 
 
The 3 methods of glare threshold detection used 
in this study were: an absolute threshold of 
2000 cdm
-2
, a relative threshold of 7 times the 
background luminance, and a relative threshold 
of 5 times the task luminance. Figure 4b shows 
the manual selection of a task region (highlighted 
by a circle over the monitor) required to 
determine task luminance. 
 
 
 
Fig. 4: (a) A false colour luminance map of 
workstation produced by HDR photography, and 
(b) Circled selection of the computer monitor as 
task area 
 
In this study, glare was defined as present or 
detected in an image if evalglare produced an 
index that was at least ‘just noticeable’, or 
‘perceptible’. 
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3.3  Qualitative Data Collection 
 
Within each building, two focus groups were 
conducted with occupants. Standard good 
practice research ethical protocols were followed; 
with the semi-structured focus groups lasting 60-
90 minutes and covering major factors involved 
in experience of luminous conditions in the 
workplace. Transcripts and responses were 
analysed using a thematic approach, identifying 
categories, themes and patterns [12]. The broader 
conclusions from the qualitative data of this study 
are presented in another paper [13]; in the context 
of this work, the focus groups’ responses that 
related to discomfort glare and overall lighting 
appraisal at individual workstations are used to 
provide context to the quantitative data. 
 
 
4.  RESULTS 
 
4.1 Illuminances and perception of skylights 
 
Workplane illuminances measured in Office 1 
ranged from 350 to 2250 lux. At workstations 
without adjacent windows, the daily average 
illuminances (+ standard deviation) ranged from 
470 + 70 lux to 650 + 70 lux. For workstations 
adjacent to windows, this increased to values of 
1600 + 400 lux to 1800 + 400 lux. In Office 2, 
illuminances ranged from 52 to 1100 lux. The 
daily average illuminances ranged from 
100 + 20 lux to 800 + 200 lux. 
 
Generally describing the illuminance variation in 
the regions that use skylights (only) in each 
office, it was observed that the standard deviation 
of the average daily illuminance was greater in 
Office 2 (8 – 24% of average values) than in 
Office 1 (3 – 15%). This is due to the effective 
use of daylight dimming in Office 1, and also 
reflects the lack of control over electric or sky 
lighting in Office 2. Variation in daylight 
illuminance in Office 2 was between 34 – 68% 
between 10am and 4pm. The lack of lighting 
control in Office 2 and the resultant fluctuations 
in illuminance could be a contributing factor to 
negative comments: 
 
“the negative is that you feel like you don’t have 
much control over it and they haven’t really been 
placed in really thought out positions” 
 
“but on a really bright day with few clouds 
around you do really notice the change in light 
level. See what I don’t like about this is that your 
eyes are constantly adjusting backwards and 
forwards” 
 
“ [it] is a little bit disappointing that they really 
don’t seem to take away much of the need for 
fluoro lighting … most of the office here people 
still require the lights to be on during the day 
simply to have enough reliable sort of lighting 
because the light coming through the skylight is 
just too variable…”  
Conversely, unobtrusive electric lighting controls 
and relatively constant illuminances at the 
workplane contributed to a more positive 
appraisal of the quantity of light provided by the 
skylights in Office 1. 
 
4.2  Illuminances and reported discomfort glare 
 
24 workstations in total were evaluated, 
comprising 14 unique locations with 6 of the 
locations imaged at different times during the 
day: morning, midday and afternoon. In 11 of the 
24 situations, the occupant reported some level of 
glare. The severity of the glare was not recorded, 
however none of the verbal reports suggested the 
glare was intolerable while the images were being 
collected. It is assumed that the glare is at least 
‘just noticeable’.  6 of the reports of discomfort 
glare were due to glare from skylights, 3 were 
from glare due to electric lights, and 2 situations 
involved glare arising from windows. 13 of the 
24 situations were reported to cause no glare. 
 
The average workplane illuminance measured at 
workstations reporting glare was 800 + 200 lux. 
The average at workstations with no reported 
glare was 800 + 600 lux. There was no significant 
difference between these values (P = 0.7678), 
indicating that illuminance is not a suitable 
indicator of discomfort glare. A similar result is 
obtained for the vertical illuminance obtained at 
the eye for the occupant in the workstation. For 
vertical illuminances there is no significant 
difference between the average values of 
320 + 90 lux and 290 + 120 lux for glare and no 
glare reports respectively (P = 0.4052). The ratio 
of vertical to horizontal illuminances has been 
suggested as an indicator of visual comfort [14]; 
however in this study no significant difference 
was found between these ratios, with each group 
having an average vertical to horizontal 
illuminance ratio of 0.47. 
 
4.3  Reported discomfort glare and occupant 
appraisal of lighting 
 
Of the 8 workstations evaluated in Office 1, only 
one was reported to cause discomfort glare to the 
occupant. In contrast, 10 of the 16 workstations 
evaluated at Office 2 were associated with reports 
of discomfort glare. The most frequent comments 
about glare due to skylights in both offices 
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related to the position of the skylights with 
respect to the workstation: 
 
“Anyone who has it directly over them, they don’t 
like it. They try and adjust their environment to 
suit, to make it more pleasant, less glary” 
(Office 2) 
 
“When I was sitting behind it … it was about 11 
til 1 which was really annoying because it was 
right above you, the sun was right above you and 
it came right down and just lit up everything right 
below it. And that’s when I sometimes wore 
sunglasses” (Office 2) 
 
The higher incidence of skylight glare reported in 
Office 2 is partially due to the low ceiling height 
which effects the location of the potentially 
glaring source in the field of view (bringing it 
closer to the central view axis, as noted by the 
position index used in glare indices).  
 
4.4  Glare indices and reported discomfort glare 
 
Reports of noticeable discomfort glare from 
occupants were compared with the calculated 
glare indices from HDR images. The results are 
summarized in Table 1 below. The different 
indices and glare detection thresholds are shown 
with their percentage total accuracy, which 
indicates the percentage of agreed observations 
between occupant and evalglare, and the 
percentage of glare situations correctly identified. 
The most accurate glare threshold method is 
highlighted in bold for each index. 
 
TABLE 1: GLARE INDEX ACCURACY 
 
Glare 
Index 
Glare threshold 
method 
% Total 
accuracy  
% Glare 
correctly 
identified 
DGP all methods 54 0 
DGI all methods 54 0 
absolute value 54 0 
7* background 63 18 UGR 
5* task  67 46 
absolute value 54 0 
7* background 54 0 VCP 
5* task  58 27 
absolute value 67 36 
7* background 58 36 CGI 
5* task  75 73 
 
The DGP and DGI indices did not recognize any 
of the images as producing noticeable glare for 
each of the glare threshold methods applied. This 
is a surprising result, since the DGP has been 
demonstrated by other field studies to give good 
correlation with reports of glare [6, 8]. However 
the DGP has not been thoroughly tested in the 
type of open plan office spaces that were the 
subject of this survey.   
 
UGR, VCP and CGI all correctly report some 
glare from electric light, skylight and window 
sources. In each case the percentage of correctly 
identified discomfort glare is highest using the 
threshold of 5 times task luminance. The best 
agreement between occupant and evalglare 
identification of discomfort glare is found for the 
CGI (κ = 0.497, moderate agreement), then the 
UGR (κ = 0.309, fair agreement) and the VCP 
(κ = 0.124, poor agreement) when using the 5 
times task threshold for glare luminance. 
 
 
5.  DISCUSSION 
 
5.1 Illuminances and Glare Indices as predictors 
of visual discomfort 
 
Horizontal workplane illuminance is not expected 
to be a useful indicator of discomfort glare in 
these offices, and our results confirm this. 
However vertical illuminance and the vertical to 
horizontal illuminance ratio have been posed as a 
reasonable indicator of glare likelihood in daylit 
spaces, and these results indicate that this may 
not be the case in all open plan offices. In 
individual offices and open plan spaces free from 
vertical obstructions with clear views of 
windows, high vertical illuminances can easily be 
associated with direct solar penetration that 
would impinge on the workstation. In open plan 
office spaces that use vertical partitions, direct 
solar penetration through windows will not 
necessarily lead to high vertical illuminances due 
to the obstruction caused by the partitions. 
Furthermore, vertical illuminances may not be a 
strong indicator of daylight glare if skylights are 
a primary daylighting strategy. Relatively low 
vertical illuminances, and the failure of vertical 
illuminance to predict glare in these offices 
reflect the combination of these issues. 
 
The relatively low vertical illuminances measured 
in these spaces (relatively low for daylit spaces) 
also give an indication of why the Daylight Glare 
Probability (DGP) failed to detect discomfort 
glare in any of the reported cases. The DGP 
favours vertical illuminance at the eye as a factor 
in daylight glare. While other studies have shown 
the DGP to be the most consistent with reports of 
glare [6, 8], they have been conducted or 
simulated in single offices with vertical windows. 
This pilot study indicates that open plan offices 
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that employ vertical partitions and skylighting 
strategies the DGP may be less appropriate. 
 
Overall, the results indicate that applying 
evalglare to the HDR images where the glare 
threshold was 5 times the task luminance and 
using the CGI index produced glare evaluations 
most consistent with occupant reports. This is 
consistent with a study of glare metrics in 
simulated spaces [8], that finds the CGI to be the 
most robust of the remaining glare indices, DGI, 
UGR, VCP and CGI. In the simulated study of 
daylit spaces, the VCP was found to have the 
worst correlation with the other metrics, which 
was explained by its development for specific 
artificially-lit environments. Similarly the DGI 
was developed for situations with large area glare 
sources, such as a sky window, and is not 
considered appropriate in situations like the ones 
encountered in this study where direct sunlight is 
creating glare conditions. 
 
5.2 Discomfort glare and perception of skylights 
 
Both office spaces used skylights, but they were 
only consistently described as potential glare 
sources in Office 2. This was most likely due to 
the position and luminances of the different 
systems in occupants’ fields of view. With low 
ceiling height and Fresnel lens diffusers, the 
skylights in Office 2 were described by many as 
“way too glary” or “too bright”. In contrast, the 
relatively high ceiling heights and opaque 
diffusers in Office 1 led to few reports of glare 
from skylights in the open office area. In fact the 
skylights in Office 1 were described as “a lovely 
feature” and generally favourably reviewed.  
 
This problem was compounded by generally 
lower surface reflectances and higher workstation 
partitions in Office 2 (neutral walls) than Office 1 
(white walls), resulting in generally lower vertical 
luminances at the workstation in Office 1. 
Placement of furniture and workstations in the 
open-plan office were also problematic: 
 
“[at] the shell fit out … they just allocated the 
lights to try to evenly space them across the room 
but that was before anything was known about 
where the partitions were going for the 
workplaces so there was no careful planning to 
make sure that the skylights were in the centre of 
a group of four … you just got them wherever it 
happened to end up” 
 
5.3  Daylight variation and perception of 
skylights 
 
The illuminance measured at the workplane in 
every case was above the required 320 lux 
maintained illuminance specified in Australian 
Standards (AS1680). Office 1 employed a 
daylight harvesting system that maintained 
illuminance at most areas of the office between 
470 and 650 lux for the entire workday (except in 
the case of window adjacent workstations). In 
this office, the daily standard deviation of total 
illuminance (from skylights and electric lights) 
was measured to be less than 15% of the daily 
average. Office 2 used no electric light dimming 
strategies, and in this space workplane 
illuminances at a single workstation could vary 
from 400 lux to 2800 lux. The standard deviation 
of the average daily illuminance was greater in 
Office 2 (8 – 24% of average values). This 
variation was specifically noted by some 
occupants and associated with a general negative 
perception of the skylights. Negative comments 
were also made regarding the lack over either the 
electric or daylight quantity in Office 2. 
 
Conversely, where the illuminance at the 
workplane was relatively constant throughout the 
day, fewer negative comments were made about 
the skylights. In Office 1, the integrated controls 
and the diffuser element within the skylight 
combined to produce minimal variation – this 
was evidenced by statements made revealing that 
some users were unaware of the existence of 
daylight dimming. Interestingly, the occupants in 
Office 1 had little active control over the lighting 
conditions at their workstations, but did not rate 
this negatively. This may reflect the perception 
that no active control was needed in this open 
plan space (i.e. the control system was effectively 
meeting their needs). 
 
The HDR images collected at each workstation 
location at 2 to 3 different times during the day 
also demonstrated the variation in light levels at 
the workstation; however without more frequent 
or even continuous monitoring, this method may 
miss major lighting variations that occur over a 
short timeframe. Some have suggested that 
continuous HDR imaging may be a future 
direction for lighting quality research leading to 
advanced lighting controls; but acknowledges 
technical obstacles such as positioning cameras 
appropriately and occupant privacy [6].  
 
 
5.  CONCLUSIONS 
 
Two open-plan office spaces that used 
skylighting were evaluated for occupant appraisal 
and visual comfort under predominantly sunny 
conditions (clear and partly cloudy skies). 
Occupant feedback was compared with 
illuminance measurements and HDR images of 
workstations to determine how the qualitative and 
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quantitative data compared. Horizontal and 
vertical illuminances (or the ratio of vertical to 
horizontal) could not be used to predict reports of 
glare in these spaces. Of the glare indices tested 
and glare threshold methods applied to detect 
glare in HDR images, the best agreement with 
occupant reports was found with the CGI with a 
glare threshold of 5 times the task luminance. In 
contrast with previous daylighting research, the 
DGP did not give good agreement with reported 
discomfort glare. This was most likely due to the 
primarily overhead daylight apertures and the 
relatively high partitions used in the open-plan 
space. Further work should be done to explore the 
validity of the DGP in open-plan spaces with 
partitions and vertical windows. 
 
High variation in workplane illuminances due to 
skylights was associated with negative appraisal 
of daylight quality. Lower variation was 
associated with positive appraisal of the 
skylights. Variation was related to skylight 
position over the workstation, but also reflected 
the nature of integrated lighting controls in each 
of the office spaces (or lack of controls). 
 
Avoiding discomfort glare was critical in positive 
appraisal of skylights. Generally it was seen that 
the appropriate placement of skylights was the 
most significantly reported factor in their 
acceptance by occupants. Ceiling height and 
movement of furniture in the open-plan 
environment was a major factor in the high levels 
of discomfort glare reported by occupants in 
Office 2. 
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